+ and Au 2+ by electron and proton impact are calculated by using respectively the Lotz formula and the LOSS and CAPTURE computer codes. The corresponding rate coefficients have also been calculated. Using this information, the signal levels of heavy ion beam probe in the Large Helical Device are estimated. The calculated beam currents at the detector position are compared with the detected beam currents in the MeV energy range for a plasma electron density of 1 × 10 19 m −3 and electron temperature of 1.5 keV. The obtained cross section / rate coefficient data can also be used for reconstruction of electron density and temperature profiles.
Introduction
The heavy ion beam probe (HIBP) system is a reliable method for measuring the local plasma potential and fluctuations. The system has already been installed in the Large Helical Device (LHD) at NIFS. The accelerated Au − beam undergoes double charge exchange and the resulting Au + beam (primary beam), whose energy normally reaches up to 6 MeV, is injected into the LHD plasma. The MeV Au + beam is ionized by plasma electrons and ions (undergoing also charge exchange with the latter), and the resulting Au 2+ beam (secondary beam) is detected by an energy analyzer. The local plasma potential at the ionization position is obtained from the energy change between the injected beam and the detected one.
In the basic design phase of LHD-HIBP system, the ratios of primary beam current to secondary beam current are predicted by taking into account only the electronimpact ionization processes [1] . In absence of experimental cross sections, the Lotz formula [2] was used to determine the cross sections of Au + and Au 2+ for electron impact ionization. Based on such estimates, the parameters of beam accelerator for injector and beam energy analyzer for detector were determined. In 2004, the HIBP system detected the secondary beam signal successfully during the ion cyclotron resonance heating discharge. The recent LHD experimental results, however, suggest that a diagnostics appropriate for high temperature (∼10 keV) and high density (∼10 20 m −3 ) plasmas is required in order to study the plasma confinement and transport in LHD. Under such plasma conditions, it is expected that the role author's e-mail: nishiura@nifs.ac.jp of charge exchange and ionization (i.e. electron loss) processes of Au + and Au 2+ ions with the plasma protons could also be important in the calculations of beam attenuation in the plasma.
In the present paper we calculate the Au + and Au
2+
beam stopping cross sections and the secondary beam signal at the detector by including the electron loss processes of these ions with both plasma electrons and protons. The experimental signal level of the secondary beam under typical experimental conditions is compared with the calculated signal.
Electron-Impact Ionization Processes
In absence of experimental cross section or calculations with more sophisticated theoretical methods for the electron-impact ionization processes
A reasonable and widely adopted approach to estimate the cross sections of these processes is to use the Lotz formula [2] σ ei (T e ) = 4.5 × 10
where E is the collision energy, I i is the ionization potential of i-th electronic subshell, and ξ i is the number of electrons in that subshell. The summation in Eq. (2) runs over all subshells. The ionization cross sections for Au + and Au 2+ , calculated by the above formula, are shown in Fig. 1(a) . We Table 1 Parameters required in the Lotz formula for gold and copper [3] . note that the outer 5d subshell almost exclusively determines the cross sections in the entire energy region investigated. The parameters I i and ξ i are listed in Table 1 . (The ionization potentials are taken from Ref. [3] ). In Table 1 , we also give the values of these parameters for copper, as one of the possible beam candidates for LHD-HIBP. When calculating the ionization rate coefficient, we treat the 6 MeV Au + ions as a mono-energetic (with velocity = 2.4 × 10 6 m/s) beam, passing through the plasma electrons having 1 keV temperature (thermal velocity ∼ 2×10 7 m/s). Assuming a Maxwellian electron velocity distribution, the ionization rate coefficient, with the expres- sion (2) for the cross section, can be obtained as
where T e is the electron temperature in eV, v e is the electron velocity and x = m e v 2 e /(2T e ). The rates σ Fig. 1(b) . The corresponding rate coefficients for copper are plotted in Fig. 2 .
We should note that the cross section estimates by the Lotz formula can be uncertain within a factor of two, or so.
Ion Impact Charge Exchange and Ionization Processes
It is well known that at high collision energies (hundreds of keV/nucleon) the cross sections for proton impact inelastic processes are much higher than those with electrons. Moreover, some of these processes, e.g., charge exchange, have large cross sections even at low (few keV/nucleon) collision energies. Therefore, in the context of energetic Au q+ ion attenuation in the plasma it is necessary to consider also the impact proton processes that result in lost of one or more electrons from the beam ion. The simplest of these processes are the charge exchange and ionization of the beam ion on plasma protons, i.e.,
The combined effect of these two processes is called electron loss. These processes have not been included in the beam attenuation analysis of HIBP diagnostics so far.
We have performed cross section calculations the electron loss cross section of Au + on protons in a broad energy range by using the CAPTURE [4] and LOSS [5] computer codes, with inclusion the contributions from 5d, 5p, 5s, 4 f and 4d subshells. As in the case of electronimpact ionization, the predominant contribution to the total electron loss cross section σ loss (E b ), was estimated using σ
1,2
loss (E b ) and the electron loss cross section scaling [6] , giving σ 2,3
loss (E b ). E b in these expressions is the beam energy. We note that the calculated σ 1,2 loss (E b ) cross section at high energies agrees well with empirical scaling derived from the experimental proton -heavy ion ionization cross sections [7] .
The electron loss cross sections for Au + can be represented by the analytic fit function
with the parameters A i given in Table 2 . The cross sections σ
loss (E b ) and σ
2,3
loss (E b ) are shown in Fig. 3 . For the typical condition of 6 MeV Au + beam and thermal proton temperature of T i = 1 keV, for the rate coefficients of electron loss processes we can take the product of corresponding electron loss cross section and the beam velocity. The resulting rate coefficients are shown in Fig. 4 . The rate coefficients of electron loss processes (3∼30 × 10 −8 cm −3 /s) are of the same order of magnitude as those for electron impact ionization (4∼20 × 10 −8 cm −3 /s). With increasing the plasma temperature above 1 keV, however, the rate coefficient for electron impact ionization rapidly decreases and the importance of proton impact electron loss processes in beam attenuation increases.
Beam Attenuation Dynamics
The considerations in the previous sections indicate that the beam attenuation in plasmas should include both of electron-and ion-impact electron loss processes. The attenuation of beam density, n B , per unit path length is given by
where v B is the beam velocity. This rate equation is integrated over the path length l between the injected point l in = 0 at the plasma boundary and the ionization (observation) point l 1 . When the plasma electron temperature and density are assumed to be the uniform, the primary beam current at l = l 1 becomes
where I B0 and I B1 are the primary beam currents at l = 0 and 1, respectively. The densities of electrons, protons, and gold ions are denoted by n e , n H + , and n B , respectively. The secondary ion beam current I B2 at the exit point l = l 2 from the plasma boundary is given by and T e = 1.5 keV, and beam energies of 1.62 MeV and 5.33 MeV, for the ratio χ ≡ (I B2 /I B0 ) exp / (I B2 /I B0 ) cal we obtain the values 8.7 × 10 −3 and 5.4 × 10 −3 , respectively. There could be several reasons for this significant disagreement between experimental and calculated signals. The attenuation kinetics described above includes only the simplest electron loss processes. Electron and proton impact excitation-autoionization processes may significantly increase the total ionization cross section. The electron loss by plasma impurities, which is proportional to the impurity ionic charge, may also significantly contribute to the beam stopping cross section. Multi-step processes, such as excitation followed by electron loss (ionization or charge exchange) are another possible contributor to the beam stopping cross section. Residual neutrals, especially at the plasma periphery, having large charge exchange cross sections with the Au q+ ions, can also significantly contribute to the beam loss. Presence of a metastable fraction in the primary or secondary beam can significantly increase the electron loss cross sections for the corresponding ion. Finally, the assumption about the constant plasma parameters along the ion beam paths certainly affects the calculated signal. Furthermore, uncertainties in the beam path length will have a dramatic (exponential) effect on the signal intensity. We should also mention that an experimental uncertainty still exists regarding the detection efficiency of the multi-channel plate. A serious further effort is needed for resolving these issues.
